ABSTRACT: Low back pain is a significant socioeconomic burden and intervertebral disc degeneration has been implicated as a cause. A reliable animal model of disc degeneration is necessary to evaluate therapeutics, and functional metrics are essential to quantify their benefit. To this end, needle puncture injuries were created in the caudal intervertebral discs of mice to induce disc degeneration. Compression, torsion, and creep mechanics were assessed both immediately and after eight weeks to distinguish between the effects of injury and the subsequent reparative or degenerative response. Two needle sizes (29 and 26 gauge) were used to determine injury sizedependence. Compressive stiffness (62%), torsional stiffness (60%), and early damping stiffness (84%) decreased immediately after injury with the large needle (26G). These mechanical properties did not change over time despite structural and compositional changes. At 8 weeks following large needle injury, disc height decreased (37%), nucleus pulposus (NP) glycosaminoglycan content decreased (41%), and NP collagen content increased (45%). The small needle size had no significant effect on mechanics and did not initiate degenerative changes in structure and composition. Thus, the injection of therapeutics into the NP with a minimal needle size may limit damage due to the needle insertion. These findings, along with the wide commercial availability of mouse-specific biological probes, indicate that the mouse caudal disc model can be a powerful tool for investigating disc degeneration and therapy.
The intervertebral disc has been implicated as a cause of low back pain, which accounts for $100 billion dollars in medical costs, lost wages, and decreased productivity in the United States. 1 While current surgical and non-surgical interventions may relieve discogenic pain, they do not restore disc function. An in vivo disc degeneration model can provide a platform for evaluating therapies aimed at reducing pain and restoring function. Because the primary function of the disc is mechanical, consideration of disc mechanics is critical in such models.
Intervertebral disc injury in animal models consistently produces an acute response that progresses to resemble key features of human disc degeneration. 2, 3 Injury models provide repeatable results and have controlled specificity in comparison to global gene knockouts and spontaneous development models. Thus, injury studies have been conducted in many species including sheep, pig, rabbit, and rat. [4] [5] [6] [7] [8] [9] Methods for inducing degeneration through injury include scalpel incision, defect creation (box, cruciate), and needle puncture; of these methods, needle puncture is used frequently as it depressurizes the nucleus pulposus (NP), a primary factor for creating instability, while also minimizing annulus fibrosus (AF) damage. 6, 7, 9 Recently, the mouse caudal disc was shown to degenerate as a result of needle puncture, displaying changes in morphology, cellularity, and composition consistent with those in humans. 10 Puncture-initiated degeneration of the rodent caudal disc requires only minor surgery; thus, it is an excellent alternative to the invasive and technically challenging peritoneal or dorsolateral approach of lumbar surgery. 11 The mouse caudal disc is also comparable mechanically to the human lumbar disc when accounting for geometry, despite different physiological loading environments. 12, 13 These factors, along with the wide commercial availability of mouse-specific biological assays, indicate that the mouse caudal disc model can be a powerful tool for investigating degeneration and therapy.
Restoring mechanical function is the end-goal of potential therapies and thus is the primary metric for studying their efficacy. Mechanical changes immediately following puncture 9, 14, 15 and over time due to biological effects such as inflammation 5, 6 were assessed in separate studies; however, no study has linked the immediate mechanical changes with progressive mechanical deterioration or recovery. A needle diameter to disc height ratio of 40% is required to cause changes in the mechanics of lumbar discs, 15 while much larger defects are required to alter rat caudal disc mechanics. 9, 14 By evaluating acute and long-term disc mechanics, changes caused by the initial puncture can be distinguished from those caused by physiological processes, and, by evaluating needle sizes, an appropriate injury for a degeneration model can be selected.
Mechanical data for the degenerate mouse disc is currently limited to bending and creep 16, 17 ; however, Additional supporting information may be found in the online version of this article. Grant sponsor: NIH; Grant numbers: AR050052, AR055568-02S1, AG029353; Grant sponsor: US Department of Veterans Affairs; Grant number: I01RX000211. Correspondence to: Dawn M. Elliott (T: 302-831-1295; E-mail: delliott@udel.edu) compression and torsion are also primary mechanical modes. They are governed by different structural mechanisms, compression through the interactions between the NP and AF, and torsion primarily through loading of the AF fiber network. Quantification of the compressive and torsional mechanical behavior of healthy and degenerate discs will aid in understanding alterations in mechanics of the individual disc tissues.
We quantified the acute and long-term effects of needle puncture injury on mouse caudal disc function. Injuries were induced with two needle sizes and were evaluated for changes in disc structure, mechanics, and composition both immediately and after eight weeks. We hypothesized that the puncture would decrease compressive and torsional mechanical properties and that these changes would be amplified by subsequent structural and compositional deterioration.
METHODS

Surgical Procedure
With institutional IACUC approval, 26 C57BL/6 retired breeder mice (7.5-9 months, 32.7 AE 5.1 g) were obtained from Jackson Laboratories (Bar Harbor, ME) and allocated to two time points: 0 weeks (n ¼ 12) and 8 weeks (n ¼ 14). Mice were anesthetized in an aseptic setting, and the surgery was fluoroscopically guided. The C6/C7 and C8/C9 discs were exposed with a 2.5 mm dorsal longitudinal scalpel incision, and puncture injuries were created at a randomly assigned level with either a 29G (65% of disc height) or 26G (90% of disc height) needle, while the other exposed disc served as a sham control. Needles were inserted at the dorsal annulus through the NP center and partially through the ventral annulus (controlled depth of 1.75 mm or 90% of the dorsoventral width) for 30 s and removed. The injured level was marked with India ink, and both incisions were closed with suture. Mice were returned to normal cage activity and euthanized after 8 weeks. Zero-week mice were euthanized, and their discs were punctured in vitro following the same procedure.
Microcomputed Tomography
mCT (vivaCT 40, SCANCO Medical AG, Bruttisellen, Switzerland) was used to measure disc area and mean disc height of 0-week control and 8-week control and punctured groups (n ¼ 7/group). The C6 through C9 section of the caudal spine was removed and imaged en bloc at an isotropic 21 mm resolution. Volumetric image data were converted to stacks of cross-sectional vertebral body slices, and disc area and mean disc height were measured from a 3D reconstruction of slices that spanned the disc space 11 ( Fig. S1 , a-c). Polar moment of inertia, J z , about the spinal longitudinal axis was measured from a cross-sectional slice directly distal to the disc space for use in normalizing torsional mechanical properties (Fig. S1, d-f ).
Mechanical Testing
Mechanical function was assessed with an electromechanical testing system (Instron 5542, Instron, Norwood, MA) fit with a custom torsion device consisting of a stepper motor (AM1524; MicroMo Electronics, Inc., Clearwater, FL) and a 5 in.-oz (35 mN m) torsional load cell (TFF400; Futek, Irvine, CA) (Fig. 1a) . A custom LabVIEW (LabVIEW 8.5; National Instruments, Austin, TX) program was used to control the angular displacement of the stepper motor and read the torsional reaction force. While the testing system and stepper motor directly controlled the compressive and rotational displacements, two digital cameras (A602f; Basler, Exton, PA) were used to optically track the extension and rotation of each vertebral body (Fig. 1b) . Axial position (mm) was defined as the difference in the z-position of points in camera 1, while rotational position (radians) was measured by recording the x-position of a point in camera 1 and the y-position of the same point in camera 2 and defined as tan À1 (y/x) (Fig. 1c) . A significant portion of machine-reported displacement was a contribution of unavoidable motion at spots along the load string (e.g., slipping at the grips or motions between bolted connections to the load cell), and, because the rodent disc is small, these motions had a relatively large impact. Thus, displacement error was eliminated through optical tracking with the dual camera system and a custom texture tracking program written in Matlab. Discs from 0-week control to 8-week control and punctured groups (n ¼ 5/group) were exposed to compressive, creep, and torsional loads. Caudal spines were prepared as bone-disc-bone segments by cutting through adjacent unused discs (leaving the entire vertebral body surface area to grip for mechanical testing) and gently clearing extraneous tendon and muscle with a scalpel. The protocol consisted of 20 cycles of compression/tension from À1.5 to þ0.5N at 0.5 Hz 18 (causing compression/extension of the disc from $70 to 130% of the initial height), a 1 h creep load of À1.5N, 18 and 10 cycles of torsion of AE8˚at 0.05 Hz. 12 All testing was conducted in phosphate-buffered saline bath at room temperature.
Preliminary evaluations of this technique demonstrated that
Compression/tension data were analyzed for compressive stiffness and range of motion (ROM), and neutral zone (NZ) stiffness and ROM by fitting data to a sigmoid function 19 (an S-shaped curve with well-behaved 1st and 2nd derivatives that represents displacement as a function of applied load) (Fig. 3 ). Compressive and NZ stiffness were normalized by multiplying by the disc height and dividing by the disc area, 18 and ROM measurements were normalized by dividing by the disc height. 18 Torsion data were analyzed for torsional stiffness, torque range, torsional NZ stiffness and torsional NZ ROM using the same curve fitting procedure (Fig. 3) . Torsional stiffness, torsional NZ stiffness, and torque range were normalized by multiplying by the disc height and dividing by J z . 12 Creep behavior was fit to a 5-parameter viscoelastic constitutive model 20 dðtÞ
describing the displacement (d) at time (t) for constant load (L). The material response consists of an elastic stiffness (S 3 ) and two exponential decays with one time constant (t 1 , t 2 ) and damping stiffness (S 1 , S 2 ) each. This model provided a simple but reasonable method to compare the timedependent response across groups. Creep displacement was measured from raw optical displacement. Damping stiffnesses were normalized by multiplying by disc height and dividing by disc area, and creep displacement was normalized by dividing by disc height. 18 
NP Glycosaminoglycan (GAG) and Collagen Content
Following mechanical testing, discs from 0-week control and 8-week control and punctured groups (n ¼ 5/group) were isolated for NP GAG and collagen content analysis. First, a scalpel was used to cut through a vertebral body adjacent to the disc above the endplate. The remaining vertebral bodydisc segment was embedded in optimum cutting temperature compound on a cryostat microtome, and consecutive sections through the partial vertebral body exposed the underlying disc. A 100 mm section of disc was then isolated, and the NP removed with 0.75 mm biopsy punch (the approximate NP diameter). This technique facilitated precise control of the volume of tissue obtained. Isolated NPs were subsequently digested in papain at 60˚C. GAG content was measured using the dimethylmethylene blue (DMMB) technique, 21 and collagen content (following acid hydrolysis) using the p-diaminobenzaldehyde/chloramine-T technique for hydroxyproline 22 assuming a ratio of hydroxyproline to collagen of 1:10.
23
Results are reported as normalized to NP wet weight.
Histology
Discs from 8-week control and punctured groups (n ¼ 2/ group) were fixed in formalin, decalcified, and embedded in paraffin. Sagittal, 8 mm sections were stained with alcian to analyze compression and torsion data. Positive (tension or counter-clockwise rotation) and negative (compression or clockwise rotation) curves were made to intersect by shifting each to the load axis to form a composite curve which was subsequently fit to a sigmoid function. The maximum of the 1st derivative (maximum compliance) of the function represents the transition from positive to negative loading. The extremum of the 2nd derivative represent the boundaries of the NZ. NZ stiffness (for compression/tension and torsion) was defined as the slope of the line connecting the point at the each boundary of the NZ. NZ ROM (for compression/tension and torsion) was defined as the displacement between these points. Compressive ROM was defined as the displacement between the inflection point of the curve and the displacement at À1.3 MPa, a value of stress that consistently occurred just prior to the peak stress (the peak stress varied slightly from test to test). Compressive stiffness was defined from the raw data as the slope of the line fit from À1.3 to À0.5 MPa (a value that consistently occurred after the transition region). Torque range was defined as the change in torque from the inflection point of the curve to the maximum torsional load. Torsional stiffness was defined from the raw data by fitting a line from 40% to 90% of the maximum torque for both positive and negative rotations and then averaging the two.
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MARTIN ET AL. blue/picrosirius red for GAG/collagen and imaged under bright field and cross-polarized light.
Statistics
Differences in disc height and GAG and collagen contents were analyzed by one-way ANOVA comparing the 0-week control to the 8-week control and punctured groups. Differences in mechanical properties were analyzed by two-way ANOVA comparing 0-week control and punctured groups to the 8-week control and punctured groups with needle size and time as the main effects. Tukey's post hoc test was used for pairwise comparisons with significance defined as p 0.05 and a trend as 0.05 < p 0.10. Results are reported as mean AE standard deviation.
RESULTS
Mice survived the surgical procedure and recovered with no change in body weight over 8 weeks. Disc height 8 weeks after 26G puncture was less than the 0-week control group (37%, p 0.05), the 8-week control group (29%, p 0.05) and the 29G group (28%, p 0.05), and there was no significant effect of the sham surgery or 29G needle puncture (Fig. 4a ). NP GAG content followed a similar trend as at 8 weeks the 26G group was 41% less than the 0-week control group (p 0.05), with no change in 8-week control or 29G groups (Fig. 4b) . NP collagen content for the 26G group was not significantly different from 0-week control but was 45% greater than both the 8-week control and 29G groups (p 0.10) (Fig. 4c) . Histologically, no qualitative differences were noted between control and 29G puncture groups at 8 weeks, while the 26G group had a collapsed disc space, disorganized lamellae, and collagenous NP (Fig. 5) .
The baseline mechanical response in both compression and torsion consisted of an elongated low stiffness NZ that transitioned with increasing strain to a high stiffness linear region (Fig. 3) . Changes in normalized compressive stiffness, normalized torsional stiffness, and normalized torque range were a function of puncture size only (p 0.05) and not time (Fig. 6 ). Compressive stiffness of the 26G group was less than the control groups at 0 (62%, p 0.05) and 8 weeks (62%, p 0.05), but there were no differences across timepoints (Fig. 6a ). There were no significant changes in compressive ROM for any treatment (Fig. 6b) . Torsional stiffness for the 26G group was significantly less than the control group at 0 (60%, p 0.05) and 8 weeks (71%, p 0.05), but again there were no differences across timepoints (Fig. 6c) . Torque range of the 26G puncture group was less than the control group at 8 weeks (51%, p 0.05) (Fig. 6d) . The sham surgery and the 29G needle puncture had no effect, and there were no differences in either compressive or torsional NZ mechanics for any of the groups. 
MECHANICAL DEFICIENCY FOLLOWING DISC INJURY
The response to creep loading was characterized by an initial high strain rate over the first 60 s and slower strain rate thereafter, equilibrating by $40 min. Changes in creep properties (normalized S 1 , t 1 , t 2 ) were a function of puncture size only (p 0.05) and not time (Fig. 7) . Puncture with 26G needle caused a faster, magnified creep response (Fig. 7a) . The early damping stiffness, S 1 , of the 26G puncture group was significantly less than the control group at 0 (84%, p 0.05) and 8 weeks (84%, p 0.05) (Fig. 7d) , and there were similar trends for t 1 and t 2 (Fig. 7b,c) . There were no differences in the late damping stiffness, S 2 , the elastic stiffness, S 3 , or creep displacement (Fig. 7e) .
DISCUSSION
Compression, torsion, and creep mechanics of the mouse caudal disc were assessed both immediately and 8 weeks following needle injury. In each loading modality, stiffness was decreased after puncture with the large needle and remained at those levels at 8 weeks. Conversely, the classical signs of degeneration progressed over 8 weeks: disc height and NP GAG content decreased, while NP collagen content increased, and histological signs of degeneration were present. Thus, needle puncture had an acute effect on mechanics that neither improved nor deteriorated over time despite other compositional changes. In addition, the mouse disc was insensitive to puncture with the smaller needle size. Thus, the injection of therapeutics into the NP with a minimal needle size may limit damage due to the needle insertion.
With disc degeneration the NP undergoes structural and compositional alterations, shifting to a fibrocartilaginous phenotype. We observed this fibrocartilaginous shift-needle puncture triggered compaction of the disc space with subsequent increase in collagen content and reduction in GAG content. This is consistent with findings by Yang et al., 10 where, following needle injury, the mouse caudal NP transitioned from gelatinous to fibrocartilaginous, shifting from collagen II dominant to collagen I dominant. Results from both studies are consistent with the well-defined alterations in internal composition in human degenerative disc disease. 24 Thus, the mouse disc post-injury might exhibit a distorted internal strain field similar to that of the human degenerate disc. 25 However, bulk segment mechanics declined immediately following puncture, but not over time. The NP transition to fibrocartilage observed here and in human degeneration may represent an adaptation to the loss of AF structural integrity, a physiological response to preserve segment mechanics or mitigate their decline. Future work should evaluate changes in tissue level mechanics following disc injury.
The immediate effect of needle puncture depends upon the spinal region, as caudal and lumbar discs respond differently to a given defect size. A needle with diameter equivalent to 40% disc height is required to alter the mechanical response of lumbar discs in compression. 15 In the caudal disc, compressive and torsional mechanics following a 90% disc height disruption (26G) were diminished acutely, while a 65% disc height disruption (29G) had no significant effect. In the rat caudal disc, Michalek et al. demonstrated that a 21G needle (80% disc height, assuming a disc height of 1 mm 26 ) decreased compressive and torsional properties, while 25G and 30G (50% and 30% disc height) needles affected compression only.
14 Similarly, Hsieh et al. 9 showed that in the rat caudal disc an 18G needle (100% disc height) affected compressive properties while 22G and 26G needles (70% and 45% disc height) had no effect. Our results are consistent with these findings, 9, 14 confirming that in the caudal disc the defect size threshold is in the range of 80% of disc height. This may be due to lower NP pressure and lower residual AF tension in tail discs compared to lumbar discs, as lumbar levels experience considerable loads due to muscle forces for stance and ambulation. 27 The immediate changes in torsion mechanics following needle puncture are considered to be needle sizedependent.
14 Torsion is primarily governed by AF fiber tension, which decreases with increasing needle size. The changes in torsion mechanics we measured for the mouse caudal disc are consistent with those of the rat caudal disc.
14 However, no consensus exists regarding the acute changes in compression mechanics following needle puncture, which have been suggested to be both needle size-dependent 15 and size-independent. 14 The underlying theory behind size-independence in compression is that compression mechanics are primarily governed by NP pressure, which may be reduced by puncture regardless of needle size. We could not confirm size-independence in compression (Fig. 6a) , which may be due to animal size effects or differences in puncture techniques and mechanical testing protocols. However, changes in compression mechanics may also depend on needle size since, in compression, both NP pressure and AF tension play a fundamental role. Needle puncture affected the response of the caudal disc to creep loading, although at 8 weeks, the change did not match that of the degenerate human lumbar disc. Puncture with the 26G needle caused a magnified, faster creep response relative to control discs, predominantly seen in the early damping stiffness, S 1 . This is similar to the behavior of the rat caudal disc. 9 The stiffness, S 1 , dominated the response only over the short term t 1 (9.3 AE 4.5 s), supporting the idea that puncture results in a pressure vent 28 in which fluid can immediately leave at the onset of load. However, in the human lumbar disc, degeneration causes a magnified and slower response. 29 The late time constant, t 2 , increased with human disc degeneration, 29 which was not the case following needle puncture in the mouse caudal disc.
All animal models have limitations. In this model, while the mechanical effects were immediate and do not represent the slow progressive nature of the human disease, other characteristics of degeneration were controlled and consistent. Also, unlike the human disc, the mouse disc retains notochordal cells throughout its lifespan, 30 and caudal discs experience different physiological mechanical loading than lumbar discs. Finally, our experiment was not able to reveal a difference in mechanical function following small needle puncture because, for the small effect caused by the 29G needle, the study was underpowered. However, our goal was to initiate a degenerative state and measure the resultant change in mechanics, and the 29G group did not meet any of the criteria for a degenerative state (loss of disc height, loss of NP GAG, and change in histological appearance). Thus, our primary finding that disc height, NP GAG and collagen contents, and mechanical function did not recover 8 weeks after large needle puncture is valid, supporting the mouse caudal injury model for certain studies.
In conclusion, the effects of needle injury in the mouse caudal disc caused an immediate change in mechanics that were not altered over time despite progressive compositional changes. Sufficient mechanical perturbation is required for degenerative changes to occur. 9 Consistent with this theory, changes in mechanics from a large needle injury were associated with downstream alterations in disc height, NP composition, and histological characteristics of degeneration.
